INTRODUCTION
============

The UV radiation spectrum contains three regions: UVA (400--320 nm), UVB (320--290 nm), and UVC (290--200 nm). Since UVC is almost completely absorbed by the ozone layer, the wavelengths that reach the earth\'s surface are UVA and UVB \[[@B1]\], which are considered the causative agents that damage the DNA, protein and lipid structures in the skin \[[@B2]\]. UVB is the main cause of sunburn and probably the most carcinogenic component of sunlight as well \[[@B3][@B4]\].

Skin aging is a complex and progressive process leading to functional and aesthetic changes in the skin with both intrinsic and extrinsic factors being responsible for the outcome \[[@B5]\]. Extrinsic skin aging is due to environmental aggressors, such as UV radiation, stress or smoking. However, it is mainly caused by repeated exposure to UV from the sun, called photoaging. Skin photoaging is characterized by coarse and deep wrinkles, thickness, roughness, dyspigmentation and histological changes \[[@B6][@B7][@B8]\]. Wrinkle formation is known to be closely associated with the degradation of the extracellular matrix (ECM) of the skin, and UV radiation induces the degradation of ECM via complex signaling events including collagen fragmentation and matrix metalloproteinases (MMPs) secretion \[[@B6]\].

MMPs, a group of zinc and calcium-dependent endopeptidases, are involved in the degradation of the ECM components including collagen, elastin, and fibrillin-1 \[[@B9]\]. Increased MMPs and/or decreased collagen production results in loss of collagen content in the skin, ultimately inducing wrinkle formation \[[@B10]\]. MMPs are activated by excessive oxidative stress together with inflammatory responses \[[@B11]\]. Recent studies have demonstrated that inhibition of MMP production suppresses UV-induced epidermal thickening and wrinkle formation in mouse skin. Therefore, the regulation of MMPs is considered an effective strategy for the prevention and treatment of photo-aging \[[@B12]\].

Both endogenous and exogenous reactive oxygen species (ROS) damage the skin cell proteins, leading to photoaging of skin \[[@B13]\]. UV irradiation produces ROS in the skin, which in turn activates the mitogen-activated protein kinase cascade leading to increased expression of MMP-1 and MMP-3, and eventually results in collagen breakdown \[[@B14]\]. Generally, increased ROS is removed by the elaborate antioxidant defense system including catalase, superoxide dismutase (SOD) and glutathione-peroxidase (GPx). However, excessive accumulation of ROS leads to a state of oxidative stress \[[@B15]\]. Many researchers have reported that antioxidant materials isolated or extracted from natural herbs attenuate the risk of skin damage or photoaging induced by UV irradiation *in vitro* and *in vivo* \[[@B16][@B17][@B18][@B19][@B20]\].

Peach flowers (*Prunus persica* (L.) Batsch flowers, PPF) is consumed as an herbal tea in Korea. Topical application of PPF extract has long been used in Korea as a traditional remedy to alleviate skin disorders including rashes and eczema \[[@B21][@B22]\]. However, scientific researches supporting their biological functions are lacking. Some *in vivo* and *in vitro* studies reported that the ethanol/methanol or acetone extract of PPF prevented UVB-induced DNA damage \[[@B23]\] and arachidonate metabolite release \[[@B22]\]. Reports also indicate that the PPF extract prevented LPS-stimulated inflammation in macrophages through its potent antioxidant activity \[[@B24]\].

In our previous study, we observed that the PPF ethanol extract and its sub-fractions, particularly the ethylacetate and n-butanol extracts, ameliorated signs of skin photoaging by reducing the ROS generation and expression of MMPs in UV-irradiated keratinocytes. In addition, the ethylacetate and n-butanol extracts also significantly inhibited the UV-induced downregulation of typeⅠ collagen expression in human dermal fibroblasts \[[@B25][@B26]\].

Based on these results, this study undertook to investigate whether topical application or oral administration of the PPF extract exhibited a protection against UV-induced biochemical alterations leading to skin damage in hairless mice. We also analyzed the major phenolic compounds present in the PPF extract to gather basic data for future research to study the biologically active compounds in PPF extract.

MATERIALS AND METHODS
=====================

Extraction and sample preparation
---------------------------------

Fresh peach flowers were steamed for a few minutes and air dried for use as a tea product. Dried peach flowers for tea were obtained from a flower tea farm (NAERI ENJOO Flower Tea, Whasoon, Korea) in May 2015. The obtained dried peach flowers were freeze-dried for 24 h in our lab using a freeze-drying machine (Samwon, Seongnam, Korea), and then ground into powder. A voucher specimen of *Prunus persica* (L.) Batsch (2005-0076) was deposited at the Korea University Herbarium. Powdered PPF was extracted in 10 times volume (v/v) ethanol (Ducksan, Ansan, Korea) with stirring for 24 h at room temperature and this procedure was repeated twice. The combined supernatant was passed through Whatman™ filter paper (No.2; Fisher Scientific, Pittsburgh, USA) and concentrated using a rotary vacuum evaporator (Eyela, Tokyo, Japan). One part of the concentrated PPF ethanol extract was suspended in water, partitioned sequentially by hexane, dichloromethane, ethylacetate, n-butanol and an aqueous layer from the nonpolar toward the polar direction, and the fractions were concentrated. All concentrated extracts were lyophilized and stored at −20℃. The lyophilized ethanol extract of PPF (PET), ethylacetate fraction (PEA) and n-butanol fraction (PBT) were used as the test samples for this study. The yield of PET, PEA, and PBT sample from the freeze-dried peach flowers was 26.7%, 2.1%, and 7.7%, respectively.

Animals and sample treatment
----------------------------

Seven-week-old female albino hairless (Skh-1) mice were obtained from Orient Bio Inc. (Seoul, Korea). The mice were acclimated for 1 week prior to the study and had free access to food and water. All experimental protocols were approved by the Institutional Animal Care and Use Committees (No.16-0037-S1A0) at Seoul National University Hospital. Two sets of experiments were carried out separately according to the sample treatment route, namely topical application and oral administration. In the topical experiment, mice were divided into four groups (n = 6/group): (i) sham-irradiated vehicle-treated mice (normal control; T-NC), (ii) UV-irradiated and vehicle-treated mice (UV irradiated control; T-UV), (iii) UV-irradiated and 1.0% PET treated mice (T-PET), and (iv) UV-irradiated and 1.0% mixture of PEA and PBT treated mice (T-PM). The vehicle used was ethanol/polyethylene glycol (3:7, v/v). Sample (2 mg/200 µL/mouse) was applied to the dorsal skin topically 5 times/week for 9 weeks. In the oral administration experiment, mice were divided into four groups (n = 6/group): (i) sham-irradiated vehicle (2.5% dimethyl sulfoxide)-treated mice (O-NC), (ii) UV-irradiated and vehicle-treated mice (O-UV), (iii) UV-irradiated and PET-treated mice (O-PET), and (iv) UV-irradiated and mixture of PEA and PBT treated mice (O-PM). Vehicle (2.5% DMSO, 100 µL) or sample (100 mg/kg BW) was administered orally to the mice using a zonde 5 days a week for 10 weeks. Since the yields of PEA and PBT were low and our previous *in vitro* studies had shown similar results for both, the mixture of PEA and PBT for the T-PM or O-PM group were prepared in their respective vehicles at a ratio of 1:4(PEA:PBT) corresponding to the extraction yield ratio.

UV treatment and mouse skin sampling
------------------------------------

For the topical experiment, the mouse dorsal skin was irradiated with UV, 3 times/week for 8 weeks, starting from the 2^nd^ week of the experiment. UV irradiation was initiated with 100 mJ/cm^2^ (one minimal erythema dose, MED) and the dose was gradually increased weekly to a final dose of 2.5 MED. The total irradiation dose for the topical experiment was 3,360 mJ/cm^2^. For oral administration, the UV strength was maintained at 1 MED for the 1^st^ week, 1.5 MED for the 2^nd^ week, 2 MED for the 3^rd^ week and 2.5 MED for the remaining weeks. UV irradiation was provided by four fluorescent sun lamps (TL 20W/12 RS, Philips, Netherlands) emitting a continuous spectrum between 275 and 380 nm (peak: 290--320 nm). A Kodacel filter (TA 401/407, Kodak, Rochester, NY, USA) was used to block the wavelengths ≤ 290 nm (UVC). The UV dosage was quantified using a UV meter (Variocontrol, Herbert Waldmann, Villingen-Schwenningen, Germany). Body weight was measured weekly. At the last day of each experiment, mice were anesthetized by an intramuscular injection of a mixture of zoletil (Virbac, Carros, France) and xylazine (Rompun, Bayer, Leverkusen, Germany), and a biopsy of the dorsal skin tissue was collected. Skin samples were then prepared for staining or biochemical measurements.

Measurement of skinfold thickness
---------------------------------

Just before sacrifice, the mouse dorsal skin was lifted by pinching gently, and the skinfold thickness was measured at the midway between the neck and hips using a digital caliper (Mitsutoyo, Kanagawa, Japan).

Hematoxylin and eosin (H&E) staining and epidermal thickness measurement
------------------------------------------------------------------------

Mouse skin samples were fixed overnight at 4℃ with 4% paraformaldehyde in phosphate buffered saline (PBS), and then embedded in paraffin. Paraffin sections (4 µm thick) were mounted on silane-coated slides and stained with H&E. Imaging was done using a model D70 microscopic digital camera (Olympus, Tokyo, Japan) connected to a BX51 light microscope (Olympus). The epidermal thickness was measured at 10 random sites in each photograph using the Image J analysis software (NIH, Bethesda, MD, USA).

RNA extraction and quantitative real-time PCR
---------------------------------------------

Mouse skin samples were homogenized and total RNA was extracted at 4℃ in TRIZOL reagent (Ambion-Thermo Fisher Scientific, MA, USA) using TissueLyser (Quiagen, Valencia, CA, USA) and 5 mm stainless steel beads (Qiagen, Valencia, CA, USA). The isolated RNA was reverse-transcribed into cDNA using the PrimeScript™ Reverse Transcriptase reagent kit (Takara Bio Inc., Otsu, Japan) according to the manufacturer\'s instructions. The mRNA expression of MMP-13 and typeⅠ collagen (Collagen Ⅰ)was determined using a 7500 real-time quantitative PCR system (Applied Biosystems, Foster City, USA) and a SYBR green detection system (Roche, Mannheim, Germany). PCR was performed using the following primers: MMP-13 (mouse) forward 5′-CAT CCA TCC CGT GAC CTT AT-3′, and reverse 5′-GCA TGA CTC TCA CAA TGC GA-3′; Collagen I (mouse) forward 5′-TCG TGA CCG TGA CCT TGC G-3′ and reverse 5′-GAG GCA CAG ACG GCT GAG TAG-3′; 36B4 (endogenous reference) forward, 5′-TGG GCT CCA AGC AGA TGC-3′, and reverse, 5′-GGC TTC GCT GGC TCC CAC-3′. Data were analyzed using the 2^−ΔΔC^T method \[[@B27]\] and expressed as fold changes of gene expression relative to 36B4.

Western blot
------------

Mouse skin samples were lysed in RIPA lysis buffer (Sigma-Aldrich, St. Louis, USA) containing a protease and phosphatase inhibitor cocktail (Roche, Basel, Switzerland) using the TissueLyser (Qiagen) at 4℃. The protein concentration was determined by the Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Scientific, Rockford, IL, USA). For Western blotting, equal amounts of protein were separated on 8\~10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to PVDF membranes (GE Healthcare Life Sci., Germany). The membrane was blocked in 5% skim milk in Tris-buffered saline containing 0.1% Tween-20 (TBST, pH 8.0), and incubated with primary antibodies against MMP-13 (Thermo Fisher Scientific, Waltham, MA, USA), collagen TypeⅠ (Calbiochem, EMD Millipore Co., Temecula, CA, USA) and β-actin (Santa Cruz Biotechnology) for 18 h at 4℃. The bound antibodies were detected with horseradish peroxidase-conjugated secondary antibody. Blotting protein was developed by enhanced chemiluminescence solution (Tanslab, Daejeon, Korea) and visualized using a Luminescent Image Analyzer (FujiFilm, Tokyo, Japan).

Measurement of antioxidant activity in mouse skin
-------------------------------------------------

Mouse skin samples were homogenized using the TissueLyser (Qiagen) in 9 volumes of cold PBS at 4℃, and centrifuged 10,000 *g* for 15 min at 4℃. The supernatant was collected and evaluated for the antioxidant enzyme activity and protein concentration. The catalase activity, determined by measuring the reduced absorbance at 240 nm for 1 min according to the method of Aebi \[[@B28]\], was expressed as nmole/min/mg protein. Cu/Zn-SOD activity was determined by measurement of the absorbance change for 2 min at 420 nm \[[@B29]\]. The SOD activity was expressed as a unit (U)/mg protein. One unit of enzyme activity was defined as the amount of enzyme required to inhibit the rate of pyrogallol oxidation by 50%. GPx activity was determined by the method of Tappel \[[@B30]\] using cumene hydroperoxide as a substrate. The oxidation rate of NADPH was monitored at 340 nm. GPx activity was expressed as nmole/min/mg protein. The protein concentration was determined using the Pierce BCA protein assay kit (Thermo Scientific).

Measurement of pro-inflammatory cytokine concentrations in mouse skin
---------------------------------------------------------------------

Mouse skin samples were homogenized in 9 volumes of cold PBS and centrifuged at 8,000 *g* for 15 min at 4℃. The total supernatant was used to measure the pro-inflammatory cytokine levels. Interleukin (IL)-1β, IL-6 and tumor necrosis factor (TNF)-α concentrations were determined using ELISA kits (R&D Systems, Minneapolis, USA) according to the manufacturer\'s instructions. The concentration of each cytokine was normalized to the protein concentration in the skin sample.

Major phytochemical analysis using Ultra Performance Liquid Chromatography-Quadrupole Time-of-Flight Mass Spectrometer (UPLC-Q-TOF/MS)
--------------------------------------------------------------------------------------------------------------------------------------

Major phytochemical compounds existing in PET, PEA and PBT, were analyzed using an ACQUITY UPLC system (Waters, Milford, MA, USA) equipped with BEH C18 column (100 × 2.1 mm, 1.8 µm; Waters) equilibrated with water containing 0.1% formic acid. The solubilized sample in 70% methanol was eluted in a gradient consisting of acetonitrile containing 0.1% formic acid at a flow rate of 0.4 mL/min. The eluted compounds were analyzed by a Q-TOF/MS (Waters) in the electrospray ionization-positive mode. The voltages of the capillary and sampling cones were set at 3.0 kV and 30 V, respectively. The temperatures of the source and desolvation were set at 120℃ and 300℃, respectively, and the desolvation flow rate was maintained at 800 L/h. TOF-MS data were collected in the *m/z* 50--1200 range with a scan time of 0.2 sec. The MS/MS spectra of the metabolites were collected by a collision energy ramp from 20--45 eV. All data including retention time, *m/z*, and ion intensity were analyzed using the MarkerLynx software 4.1 (Waters Corp. Milford, MA, USA). Data processing was performed by UNIFI 1.8 with a traditional medicine library (Waters Corp. Milford, MA, USA). The compounds were identified using the human metabolome databases ([www.hmdb.ca](http://www.hmdb.ca)) and the METLIN database ([metlin.scripps.edu](http://metlin.scripps.edu)).

Statistical analysis
--------------------

Data are presented as means ± standard deviation (SD) of at least three independent experiments. Statistical differences between means were determined by the Duncan multiple range test using SAS v9.4 (SAS Institute, Cary, USA). *P* \< 0.05 was considered statistically significant.

RESULTS
=======

Topical treatment of PPF extract inhibited skin and epidermal thickening in UV-irradiated mice
----------------------------------------------------------------------------------------------

Since UV leads to edema and epidermal cell proliferation, changes in skin and epidermal thickness are commonly used to evaluate UV-induced skin responses \[[@B14][@B19]\]. In this study, we measured skinfold thickness and epidermal thickness to assess the effect of topical treatment with PPF extract on skin responses in UV irradiated mice. The H&E stained skin images of each group are shown in [Fig. 1A](#F1){ref-type="fig"}. We observed that epidermal thickness was significantly increased (*P* \< 0.05) in the UV control group compared to that in the normal control group by 64.2% ([Fig. 1B](#F1){ref-type="fig"}). However, this UV-induced epidermal thickening was significantly inhibited (*P* \< 0.05) by topical treatment with PET or the mixture of PEA and PBT by 22.7% and 15.0%, respectively ([Fig. 1B](#F1){ref-type="fig"}). Skinfold thickness measured using a caliper in the UV control group was also significantly increased (*P* \< 0.05) by 20.4% compared to that in the normal group ([Fig. 1C](#F1){ref-type="fig"}). However, topical treatment with the mixture of PEA and PBT significantly inhibited (*P* \< 0.05) this UV-induced skin thickening by 7.7%, while PET treatment tended to inhibit as well, but without significance ([Fig. 1C](#F1){ref-type="fig"}). These results demonstrate that topical treatment with PPF extract, particularly the mixture of PEA and PBT, could attenuate the UV-induced skin thickening and epidermal thickening in mice.

Topical treatment of PPF extract down-regulated MMP-13 in UV-irradiated mouse skin
----------------------------------------------------------------------------------

To investigate whether the topical treatment of PPF extract affects the expression of collagenase expression in the skin tissue of UV-irradiated mice, we analyzed MMP-13 expression, a functional substitute for MMP-1, in mouse skin \[[@B12]\]. UV radiation significantly elevated MMP-13 mRNA expression by 100% (*P* \< 0.05), while this induction was significantly inhibited by topical treatment with PET or the mixture of PEA and PBT by 64.0%, and 92.7%, respectively, when compared to the UV control group ([Fig. 2A](#F2){ref-type="fig"}). Conversely, UV irradiation did not affect typeⅠ collagen mRNA expression. However, the average typeⅠ collagen mRNA expressions in the T-PET group and the T-PM group were much higher than that in the UV control group by 88.5%, and 127.6%, respectively, albeit not significant due to a large deviation within the group ([Fig. 2A](#F2){ref-type="fig"}). Western blot results showed that UV irradiation or topical treatment with PPF extract did not significantly affect MMP-13 or typeⅠ collagen protein expression ([Fig. 2B, 2C](#F2){ref-type="fig"}). These results demonstrate that topical treatment with PET or the mixture of PEA and PBT attenuate the UV-induced MMP-13 expression.

Topical treatment of PPF extract increased the antioxidant enzyme activity in UV-irradiated mouse skin
------------------------------------------------------------------------------------------------------

Generally, activities of antioxidant enzymes in the skin, such as catalase, SOD, and GPx, are important parameters to assess the antioxidant capacity in organisms \[[@B31]\]. To investigate whether topical treatment of PPF extract inhibited the UV-induced change of antioxidant capacity in the skin, we measured the activities of catalase, SOD, and GPx in mouse skin after PPF extract treatment with UV-irradiation. Irradiation significantly decreased the activities of SOD and GPx (*P* \< 0.05) as compared with the normal control group by 26.6%, and 49.6%, respectively, while no effect was observed on the catalase activity ([Fig. 3](#F3){ref-type="fig"}). Topical treatment with the mixture of PEA and PBT significantly increased (*P* \< 0.05) the activities of catalase, SOD, and GPx compared with those in the UV control group by 39.5%, 33.0%, and 77.3%, respectively, whereas increase in activity by PET treatment was not significance ([Fig. 3](#F3){ref-type="fig"}). These results demonstrate that topical treatment with PPF extract, particularly the mixture of PEA and PBT, protects the antioxidant enzymes such as catalase, SOD, and GPx in the skin against damage caused by UV irradiation.

Oral treatment of PPF extract inhibited skin thickening in UV-irradiated mice
-----------------------------------------------------------------------------

H&E stained skin images of each group in the oral treatment experiment are shown in [Fig. 4A](#F4){ref-type="fig"}. We observed that the epidermal thickness significantly increased by 197% (*P* \< 0.05) in the UV control group compared to that in the normal control group ([Fig. 4B](#F4){ref-type="fig"}). However, oral treatment with PET or the mixture of PEA and PBT considerably inhibited (*P* \< 0.05) this UV-induced epidermis thickening by 13.7%, and 22.6%, respectively ([Fig. 4B](#F4){ref-type="fig"}). UV irradiation also increased the skinfold thickness by 54.5% (*P* \< 0.05). However, oral treatment with the mixture of PEA and PBT significantly inhibited the UV-induced skinfold thickening by 9.8% (*P* \< 0.05), while PET treatment reduced the thickening without any significance ([Fig. 4C](#F4){ref-type="fig"}). These results demonstrate that oral administration of PPF extract, particularly the mixture of PEA and PBT, attenuates the UV-induced skin thickness and epidermal hyperplasia in mice.

Oral treatment of PPF extract downregulated MMP-13 in UV-irradiated mouse skin
------------------------------------------------------------------------------

In the orally treated group, UV irradiation significantly elevated the MMP-13 mRNA expression in mouse skin samples by 106% as compared to the normal control group (*P* \< 0.05) ([Fig. 5A](#F5){ref-type="fig"}). However, oral treatment with PET or mixture of PEA and PBT markedly reduced the UV-induced MMP-13 mRNA expression by 61.9%, and 53.9%, respectively (*P* \< 0.05) ([Fig. 5A](#F5){ref-type="fig"}). On the other hand, UV irradiation did not affect typeⅠ collagen mRNA expression. Interestingly, the average typeⅠ collagen mRNA expressions in the O-PET group and the O-PM group were higher than that in the UV control group by 59.9%, and 82.5%, respectively, albeit not significant ([Fig. 5A](#F5){ref-type="fig"}). Western blotting showed that UV irradiation significantly increased the MMP-13 protein expression by 125% compared to that in the normal control group (*P* \< 0.05), but oral treatment with PET or the mixture of PEA and PBT completely inhibited this induction (*P* \< 0.05). UV irradiation or oral treatment with PPF extract treatment did not affect typeⅠ collagen protein expression ([Fig. 5B, 5C](#F5){ref-type="fig"}). These results demonstrate that oral treatment with PET or the mixture of PEA and PBT attenuates the UV-induced MMP-13 mRNA expression and protein production in mice skin.

Oral treatment of PPF extract increased antioxidant enzyme activity in UV-irradiated mouse skin
-----------------------------------------------------------------------------------------------

In the oral treatment experiment, UV irradiation significantly decreased the activities of SOD and GPx (*P* \< 0.05) in mouse skin compared with that in the normal control group by 27.4%, and 34.7%, respectively, while it was ineffective on catalase activity ([Fig. 6A](#F6){ref-type="fig"}). However, compared to the UV control group, oral treatment significantly increased (*P* \< 0.05) the activities of catalase and SOD with PET treatment (25.6%, and 38.3%, respectively), and mixture of PEA and PBT (42.5%, and 84.6%, respectively). Conversely, the UV-induced reduction of GPx activity remained unaffected by oral treatment with PET or the mixture of PEA and PBT ([Fig. 6A](#F6){ref-type="fig"}). These results demonstrate that oral treatment with PET or the mixture of PEA and PBT protects the antioxidant enzymes in the skin against damage caused by UV irradiation.

Oral treatment of PPF extract inhibited UV-irradiated proinflammatory cytokine production in mouse skin
-------------------------------------------------------------------------------------------------------

We investigated whether oral intake of PPF extract prevents the release of UV-induced pro-inflammatory cytokines in mouse skin since our previous study had revealed that antioxidant and anti-inflammatory activities of PET, PEA, and PBT in skin cells \[[@B26]\]. In this study, UV irradiation significantly increased the IL-1β, IL-6 and TNF-α concentrations in the mouse skin samples by 69.5%, 148.1%, and 97.8%, respectively ([Fig. 6B](#F6){ref-type="fig"}). However, oral treatment of PET significantly reduced (*P* \< 0.05) UV-induced TNF-α by 34.8%, and tended to reduce the IL-1β and IL-6 concentrations, although not significantly. Oral treatment of the mixture of PEA and PBT significantly reduced (*P* \< 0.05) UV-induced IL-1β concentration by 49.1%, and tended to reduce UV-induced IL-6 and TNF-α concentrations without significance ([Fig. 6B](#F6){ref-type="fig"}). These results demonstrate that oral treatment with PET or the mixture of PEA and PBT attenuates the UV-induced pro-inflammatory cytokine production, particularly TNF-α or IL-1β, in mouse skin.

Analysis of major phenolic compounds in PPF extract
---------------------------------------------------

To find a potential photo-protective component in the PPF extract, we analyzed the major phytochemicals present in PET, PEA, and PBT. The HPLC chromatogram is presented in [Fig. 7](#F7){ref-type="fig"}. We identified 13 phenolic compounds ([Table 1](#T1){ref-type="table"}), many of them common in all samples. This could be because PEA and PBT are sub-fractions of PET, and the extracting solvent for PEA (ethylacetate) and PBT (n-butanol) are not very different in polarity. The common phenolic compounds (peaks 1--7) identified in PET, PEA, and PBT were 4-*O*-caffeoylquinic acid, cimicifugic acid E, quercetin-3-*O*-rhamnoside, kaempferol glucoside derivatives, cimicifugic acid B and multiflorin B. Menisdaurin (peak 8) and 6-methyl\[2-oxo-3\[(2-oxo-chromen-7-yl)oxy\]-2H-chromen-7-yl β-D-glucopyranoside (peak 12) were present in PET and PBT, but not in PEA.

DISCUSSION
==========

In our recent study, we reported that when ethanol extract of peach flowers was sequentially fractionated with hexane, dichloromethane, ethylacetate, n-butanol and water, PEA contained the highest level of polyphenol (394.6 mg tannic acid/g) and flavonoids (253.7 mg rutin/g), followed by PBT (128.3 mg tannic acid/g, and 93 mg rutin/g, respectively) and PET (78.1 mg tannic acid/g, and 55.3 mg rutin/g, respectively) \[[@B25]\]. The strength of antioxidant activity of these samples highly correlated with the total phenolic content, when valuated by the 2,2-diphenyl-1 picrylhydrazyl (DPPH) and 2,2′-azinobis-3-ethyl-benzothiazoline-6-sulfonic acid (ABTS) radical scavenging activity assays \[[@B25]\]. Interestingly, Liu et al. \[[@B32]\] demonstrated that the contents of both total phenolics and flavonoids decreased during blossoming of peaches. They also reported a significant correlation between the antioxidant capacities and contents of total phenolics and total flavonoids, as well as chlorogenic acid, cinnamic acid and kaempferol-3-*O*-galactoside \[[@B32]\].

It is well known that UVB irradiation leads to cutaneous edema, hyperplasia, erythema, leukocyte infiltration, dilation of dermal blood vessels and vascular hyperpermeability \[[@B19]\], which together result in epidermal proliferation and skin thickening \[[@B12]\]. Generally, skin photo-damage manifests as skin thickening, reduction in skin elasticity and formation of wrinkles. These are fundamentally associated with alteration and reduction in collagen typeⅠ, the primary component of the dermal layer of skin \[[@B18]\]. In this study, we observed that both topical application and oral administration of the mixture of PEA and PBT significantly attenuated the UV-induced skin and epidermal thickening, implying that this sample treatment protects the skin from photo-damage and possibly formation of wrinkles.

UV-induced MMPs in the skin degrade the ECM components including collagen, and thereby need to be repaired quickly to maintain the normal structural integrity of the dermis. In the absence of perfect repair, MMP-mediated collagen damage is expected to accumulate with each successive UV exposure. Such cumulative collagen damage is likely the major contributor to the phenotype of photoaged human skin \[[@B15]\]. Since collagens provide resiliency and strength to the skin, collagen degradation promotes skin aging. Most collagen fibers in the dermis of human skin are typeⅠ and Ⅲ collagens \[[@B2][@B33]\], and UV-induced MMP-1 initiates a cleavage at a single site within its central triple helix. Once cleaved by MMP-1, collagen is further degraded by MMP-3 and MMP-9 \[[@B15]\]. In addition to degradation of the dermal collagen induced by MMP, UV irradiation impairs the ongoing collagen synthesis, primarily through down- regulation of the collagen gene expression. Thus, the balance of MMPs and collagen synthesis is considered to play an important role in maintaining the integrity of ECM in the skin. In the current animal model experiment, PET or the mixture of PEA and PBT inhibited the UV-induced MMP-13 mRNA expression (a major collagenolytic enzyme in mouse skin), but not typeⅠ collagen expression in both topical and oral treatment. It is interesting that the typeⅠ collagen mRNA expression was not significantly suppressed by UV irradiation, but the treatment of PET or the mixture of PEA and PBT tended to increase the average of typeⅠ collagen mRNA expression, albeit not significantly, which may be due to a large deviation within the group. Our results support that the theory that the beneficial effects of PET and the mixture of PEA and PBT might be associated with inhibition of UV-induced epidermal hyperplasia or skin edema and an increase in collagenase production, mainly MMP-13 in mouse skin.

UVA and UVB mainly stimulate the production of ^·^O~2~^−^ through the activation of NADPH oxidase and respiratory chain reactions. Several ROS elimination systems have developed in mammalian tissues to protect cells. SOD catalyzes the dismutation of ^·^O~2~^−^ into O~2~ and H~2~O~2~, and catalase breaks down H~2~O~2~ into O~2~ and H~2~O. The combination of SOD and catalase completely scavenges ^·^O~2~^−^ initiating ROS. GPx also breaks down H~2~O~2~ in the presence of reduced glutathione, and decomposes lipid hydroperoxides into their corresponding alcohols \[[@B11]\]. These enzymes are able to efficiently scavenge the ROS and thereby protect skin from damage in the normal state. However, excessive and chronic exposure to UV radiation can overwhelm the cutaneous antioxidant capacity leading to oxidative damage, thereby resulting in skin photo-aging \[[@B31]\]. The present animal study revealed that UV irradiation induced a notable decrease in the antioxidant enzyme activities such as SOD and GPx in mouse skin. Subsequently, topical application and oral administration with PET or the mixture of PEA and PBT prevented the UV-induced decrease of the antioxidant capacity in the skin through the modulation of catalase, SOD, and/or GPx activities. It might therefore be suggested that PET and the mixture of PEA and PBT prevent the direct damage of antioxidant enzymes in the skin caused by UV irradiation, and/or mitigate the consumption of antioxidant enzymes through the scavenging of ROS generated by UV irradiation.

UV radiation stimulates an inflammatory response that results in erythema, edema, and an influx of inflammatory cells such as neutrophils and lymphocytes. Macrophages that infiltrate into the epidermis and dermis secrete cytokines, which exert immunosuppressive properties, to help resolve the UV-induced inflammatory response \[[@B34]\]. UV-induced ROS stimulates the production of pro-inflammatory mediators, such as TNF-α, IL-1β, IL-6, IL-8, IL-10, and PGE2 in keratinocytes. These cytokines stimulate the epidermal keratinocytes and dermal fibroblasts, up-regulate MMPs and degrade dermal collagen and elastic fibers that lead to the formation of wrinkles \[[@B34][@B35][@B36]\]. In the present study, we examined the effect of oral treatment with PET or the mixture of PEA and PBT on IL-1β, IL-6 and TNF-α productions in UV-irradiated mouse skin. The mixture of PEA and PBT significantly inhibited UV-induced IL-1β release, while PET significantly inhibited UV-induced TNF-α release. It is known that when the skin is exposed to UV, IL-1α and IL-1β from the stratum corneum initiate the inflammatory response \[[@B31]\]. Since UV induced inflammation further activates the transcription of MMPs \[[@B14]\], the anti-inflammatory effect of PET and the mixture of PEA and PBT may contribute to the suppression of MMP-13 expression.

Since numerous phenolic phytochemicals are known to have antioxidant properties, it is anticipated that they would protect the skin cells against oxidative damage caused by ROS which is rapidly generated by UV irradiation \[[@B13]\]. In several studies, *in vitro* or *in vivo* studies involving treatment with epigallocatechin-gallate from tea, flavanol-rich cocoa, resveratrol from grapes, green tea polyphenol or extract of teas markedly attenuated the UVB-induced skin photoaging via reduction of oxidative stress, sunburns, erythema, pro-inflammatory cytokine production and expression of MMPs \[[@B2][@B33][@B37]\]. However, there is a paucity of reports on the analysis of biochemical components in peach flowers. Four kaempferol glycoside derivatives were reported to be isolated from PPF ethanol extract \[[@B22]\]. Recently, high levels of cyanidin-based and pelargonidin-based compounds have been identified in the pink petals of peach flowers, but are absent in the white petals \[[@B38]\]. In the full-flowering stage, chlorogenic acid was the most predominant component, accounting for 62.08-71.09% of the total amount of identified phenolic compounds in peach flowers, followed by kaempferol-3-galactoside, kaempferol-4-glucoside, and quercetin-3-rhamnoside \[[@B32]\].

In this study, we identified 13 phytochemical compounds in the PPF extract, including 4-*O*-caffeoylquinic acid, cimicifugic acid E and B, quercetin-3-O-rhamnoside and kaempferol glycoside derivatives. Chlorogenic acid is 3-O-caffeoylquinic acid, and isomers of chlorogenic acid include the caffeoyl ester at other hydroxyl sites on the quinic acid ring: 4-*O*-caffeoylquinic acid and 5-*O*-caffeoylquinic acid. Chlorogenic acid is known to possess antioxidant, anticancer, anti-inflammatory, and immunomodulatory properties in diverse systems. It is worth mentioning the reports where chlorogenic acid dramatically inhibited the proteolytic activity of MMP-9, which degrades typeⅣ collagen \[[@B39]\]. Cimifugic acids was also reported to prevent collagen degradation by collagenases under pathologic conditions, wound healing, or inflammation \[[@B40]\]. Quercetin is the most common flavonoid in nature, and is mainly present in the glycoside form. In several studies, quercitrin (quercetin 3-Orhamnoside) was revealed to protect against UV-induced oxidative stress, inflammatory response or cell death \[[@B3][@B41][@B42]\]. In a recent study, we observed that quercitrin treatment at 40 and 100 µM prior to UV irradiation significantly inhibited UV-induced MMP-1 expression and down-regulation of typeⅠ collagen in HDFs (not published). Maini et al., \[[@B43]\] demonstrated that when quercetin and kaempferol were applied topically to artificial skin mimic tissue (EpiDerm) prior to UVB exposure, these flavonoids significantly decreased UVB-induced cyclobutane thymine dimer formation, thereby reducing direct DNA damage caused by UVB irradiation. From these results and reports, it could be suggested that the preventive effect of PPF extract against skin photoaging could be the result of the cooperative interactions of several phenolic compounds having antioxidant and collagen-protective activities, rather than any one compound.

Overall, this study showed that both topical and oral treatment with PET and the mixture of PEA and PBT prevented UV-induced skin damage in a very similar pattern, regardless of the route of administration. Particularly, the mixture of PEA and PBT showed higher preventive activity against UV-induced skin thickening and a decrease of antioxidant enzyme activity, which might be closely related to the difference in antioxidant activity strength. Our previous study had demonstrated that PEA and PBT had higher phenolic content and antioxidant activity than PET \[[@B26]\].

We could therefore conclude that topical application and oral administration of PET or the mixture of PEA and PBT attenuates the UV-induced epidermal thickening, MMP-13 expression, and pro-inflammatory cytokine production, possibly through their potent antioxidant activity to reduce the oxidative stress. These findings support the potential significance of PPF extract as an effective and natural product for prevention and treatment of skin aging.
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![Effects of topical treatment of *Prunus persica* Flos (PPF) extract on UV-induced epidermal thickening and skin thickening in mice.\
Representative images of histological observation by H&E staining of mouse dorsal skin (200x)(A). Epidermal thickness (B) and average skinfold thickness (C) of different groups at the end of the experiment. Each bar represents the mean ± SD (n = 6). Means sharing the same alphabet letter on the bar are not significantly different at *P* \< 0.05 by ANOVA and Duncan\'s multiple range test. Normal control group (T-NC): vehicle treatment (ethanol:polyethylene glycol=3:7, v/v), UV control group (T-UV): UV-irradiation + vehicle treatment, PET group (T-PET): UV irradiation + PPF ethanol extract, PM group (T-PM): UV irradiation + the mixture of ethylacetate fraction and butanol fraction from PPF ethanol extract. Dorsal skin was irradiated with UV 3 times a week and sample (2 mg/mouse) was topically applied 5 times/week for 9 weeks.](nrp-12-29-g001){#F1}

![Effects of topical treatment of *Prunus persica* Flos (PPF) extract on expression of MMP-13 and typeⅠ collagen in UV-irradiated mouse skin.\
Relative mRNA expression of MMP-13 and collagen-1 in mouse dorsal skin in different groups, measured by real-time PCR (A). Protein expression of MMP-13 and typeⅠ collagen was determined by Western blot (B) and the band was quantified (C). Each bar represents the mean ± SD (n = 6). Means sharing the same alphabet letter on the bar are not significantly different at *P* \< 0.05 by ANOVA and Duncan\'s multiple range test. NS: not significant. Normal control group (T-NC): vehicle treatment (ethanol:polyethylene glycol=3:7, v/v), UV control group (T-UV): UV-irradiation + vehicle treatment, PET group (T-PET): UV irradiation + PPF ethanol extract, PM group (T-PM): UV irradiation + the mixture of ethylacetate fraction and butanol fraction from PPF ethanol extract. The dorsal skin was irradiated with UV 3 times a week, and sample (2 mg/mouse) was topically applied 5 times/week for 9 weeks.](nrp-12-29-g002){#F2}

![Effects of topical treatment of *Prunus persica* Flos (PPF) extract on the activities of antioxidant enzymes in UV-irradiated mouse skin.\
Catalase, Cu,Zn-superoxide dismutase (SOD) and glutathione-peroxidase (GPx) activities were measured in mouse skin. Each bar represents the mean ± SD (n = 6). Means sharing the same alphabet letter on the bar are not significantly different at *P* \< 0.05 by ANOVA and Duncan\'s multiple range test. Normal control group (T-NC): vehicle treatment (ethanol:polyethylene glycol=3:7, v/v), UV control group (T-UV): UV-irradiation + vehicle treatment, PET group (T-PET): UV irradiation + PPF ethanol extract, PM group (T-PM): UV irradiation + the mixture of ethylacetate fraction and butanol fraction from PPF ethanol extract. Dorsal skin was UV irradiated 3 times a week, and sample (2 mg/mouse) was topically applied 5 times/week for 9 weeks.](nrp-12-29-g003){#F3}

![Effects of oral treatment of *Prunus persica* Flos (PPF) extract on UV-induced epidermal and skin thickening in the mice.\
Representative images of histological observation by H&E staining of mouse dorsal skin (200x)(A). Epidermal thickness (B) and average skinfold thickness (C) of different groups measured at the end of the experiment. Each bar represents the mean ± SD (n = 6). Means sharing the same alphabet letter on the bar are not significantly different at *P* \< 0.05 by ANOVA and Duncan\'s multiple range test. Normal control group (O-NC): vehicle treatment (2.5% DMSO), UV control group (O-UV): UV irradiation + vehicle treatment, PET group (O-PET): UV irradiation + PPF ethanol extract treatment, PM group (O-PM): UV irradiation + treatment with the mixture of ethylacetate fraction and butanol fraction from PPF ethanol extract. UV irradiated to the mouse dorsal skin 3 times a week, and sample (100 mg/kg BW) was administered orally 5 times a week for 10 weeks.](nrp-12-29-g004){#F4}

![Effects of oral treatment of *Prunus persica* Flos (PPF) extract on expression of MMP-13 and typeⅠ collagen in UV-irradiated mouse skin.\
Relative mRNA expression of MMP-13 and typeⅠ collagen in mouse dorsal skin in different groups measured by real-time PCR (A). Western blot (B) and quantifications (C) of protein expression of MMP-13 and typeⅠ collagen. Each bar represents the mean ± SD (n = 6). Means sharing the same alphabet letter on the bar are not significantly different at *P* \< 0.05 by ANOVA and Duncan\'s multiple range test. NS: not significant. Normal control group (O-NC): vehicle treatment (2.5% DMSO), UV control group (O-UV): UV irradiation + vehicle treatment, PET group (O-PET): UV irradiation + PPF ethanol extract treatment, PM group (O-PM): UV irradiation + treatment with the mixture of ethylacetate fraction and butanol fraction from PPF ethanol extract. Mouse dorsal skin was UV irradiated 3 times a week, and sample (100 mg/kg BW) was administered orally 5 times a week for 10 weeks.](nrp-12-29-g005){#F5}

![Effects of oral treatment of *Prunus persica* Flos (PPF) extract on the activities of antioxidant enzymes and pro-inflammatory cytokine concentrations in UV-irradiated mouse skin.\
Catalase, Cu,Zn-superoxide dismutase (SOD) and glutathione-peroxidase (GPx) activities (A) and IL-1β, IL-6 and TNF-α concentrations (B) were measured in mouse skin. Each bar represents the mean ± SD (n = 6). Means sharing the same alphabet letter on the bar are not significantly different at *P* \< 0.05 by ANOVA and Duncan\'s multiple range test. Normal control group (O-NC): vehicle treatment (2.5% DMSO), UV control group (O-UV): UV irradiation + vehicle treatment, PET group (O-PET): UV irradiation + PPF ethanol extract treatment, PM group (O-PM): UV irradiation + treatment with the mixture of ethylacetate fraction and butanol fraction from PPF ethanol extract. Mouse dorsal skin was UV irradiated 3 times a week, and sample (100 mg/kg BW) was administered orally 5 times a week for 10 weeks.](nrp-12-29-g006){#F6}

![UHPLC chromatogram of main phenolic peaks in *Prunus persica* Flos (PPF) extract.\
ethanol extract of PPF, PEA: ethylacetate-soluble fraction of PET, PBT: n-butanol-soluble fraction of PET](nrp-12-29-g007){#F7}

###### Principal phenolic compounds identified in the extract of peach flowers (*Prunus persica* Flos)
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